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/  '  The  objective  of  this  research  was  to  develop  physiological  measures  of  pilot  attention  and  workload  for  use  in 
flight  simulation  research  studies.  In  later  studies,  these  physiological  measures  will  then  be  used  in  conjunction  with 
behavioral  measures  of  pilot  attention  and  task  difficulty  in  order  to  optimally  structure  flight  simulation  training 
programs  and  equipment.  This  research  employed  two  common  behavioral  information  processing  tasks  in  order  to 
study  four  physiological  variables,  namely,  heart  rate,  skin  conductance,  eye  movement,  and  cortical  evoked 
response,  as  measures  of  attention  and  arousal.  Four  separate  information  processing  experiments  were  conducted 
involving  both  choice  reaction  time  and  letter  matching  tasks.  For  the  choice  reaction  time  tasks,  the  faster 
responses  were  in  general  associated  with  increased  measures  of  arousal  as  indicated  by  heart  rate,  skin  conductance, 
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and  evoked  potential  amplitude.  There  wu  no  general  arousal  effect  produced  for  the  letter  matching  tasks, 
however,  the  cortical  evoked  response  varied  systematically  and  reliably  with  task  difficulty  and  reaction  time.  In 
this  regard,  simple  decisions  evoked  short  latency  low  amplitude  brain  waves,  while  more  difficult  decisions  evoked 
longer  latency,  higher  amplitude  brain  waves.  Thus,  the  heart  rate  and  skin  conductance  measures  of  arousal 
reflected,  in  a  gross  sense,  the  degree  of  subject  involvement  in  the  task,  and  the  evoked  potential  components  vaiiod 
reliably  with  task  difficulty  and  performance. 
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Heart  rate  shown  in  top  two  panels  and  skin 
conductance  shown  in  bottom  two  panels  as 
functions  of  bits  of  information  and  trial 
blocks  for  the  fast  and  slow  subjects  of 
Experiment  2 . 


Vertex  potentials  as  functions  of  bits  of  infor¬ 
mation  for  the  fast  and  slow  subjects  of  Experiment 

Left  vertical  mark  is  both  calibration  marker 
and  stimulus  onset  marker.  Positive  up. 

Abscissa  tics  are  100  msec  apart.  Light 
traces  are  vertex  potentials  for  fast  RTs, 
heavy  traces,  slow  RTs.  Top  traces.  Condition  1, 
middle  traces.  Condition  2,  and  bottom  traces. 
Condition  3 . 
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Left  vertical  mark  is  both  calibration  and 

stimulus  onset  marker.  Positive  up.  Abscissa 
tics  are  100  msec  apart.  Heavy  solid  trace  is 
vertex  potential  for  PI  matches,  light  solid 
trace  is  vertex  potential  for  NI  matches,  and 
broken  trace  is  vertex  potential  for  VC  matches 
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Left  vertical  mark  is  both  calibration  and  stimulus 
onset  marker.  Positive  up.  Abscissa  tics  are 
100  msec  apart.  Top  traces,  vertex  potential 
responses  to  first  letter  of  pair.  Bottom  traces, 
vertex  potential  responses  to  second  letter  of 
pair  presented  hoo  msec  after  first  letter. 

Light  traces  are  NI  matches;  heavy  traces, 

PI  matches . 


ATTENTION  AND  TASK  COMPLEXITY  AS  INDICATED 
BY  PHYSIOLOGICAL  INDICES 


I  .  Introducti on 


Traditional  assessment  of  human  performance  emphasizes  the 
measurement  of  one  or  another  skeletal  motor  responses,  for 
example,  writing  or  speaking  answers  to  questions  or  moving 
the  limbs  and  digits  to  manipulate  knobs,  levers,  or  switches. 
Dependent  variables  are  quantified  in  terms  of  percentage 
correct  responses,  speed  of  response  (reaction  time  (RT)), 

RMS  error,  time-on-target,  and  other  similar  metrics.  Re¬ 
cently  developed  techniques,  however,  enable  the  assessment 
of  the  internal  state  of  the  operator  performing  the  task. 

This  opens  a  new  and  rich  area  of  research  in  which  human 
performance  can  be  quantitatively  related  to  variables  such 
as  arousal  and  attention. 

The  three  psychophys iological  variables  receiving  the  most 
attention  by  investigators  are  heart  rate,  skin  conductance, 
and  the  cortical  evoked  potential  (EP).  This  trio  of  re¬ 
sponses  is  particularly  informative  since  heart  rate  (HR)  and 
the  skin  conductance  response  (SCR)  vary  systematically  with 
the  level  of  sympathetic  arousal  and  both  are  components  of 
the  orienting  response.  The  cortical  evoked  response  reflects 
central  nervous  system  events  rather  than  autonomic  nervous 
system  functions  and  can  be  used  to  investigate  attentional 
states  and  mental  effort.  All  three  variables  have  been  empir¬ 
ically  related  to  task  difficulty.  HR  varies  systematically 
with  effort  in  a  variety  of  tasks  including  mental  arithmetic, 
ski  jumping  (Gunn,  Wolf,  Block,  &  Person,  1972),  making  psy¬ 
chophysical  judgments  (Lang,  Gatchel  ,  &  Simons,  1975),  RT  tasks 
(Lacey  &  Lacey,  1978),  and  combat  flying  (Roman,  Older  &  Jones, 
1967).  SCR  changes  more  slowly  than  HR  and  is  useful  for 
determining  tonic  changes  in  sympathetic  activity  which  occur 
over  periods  of  a  half  hour  or  so.  Several  years  of  research 
have  related  SCR  to  physiological  and  psychological  activation, 
emotion,  learning,  stress,  personality  traits,  and  pathological 
states  (Edelberg,  1972). 

The  cortical  evoked  potential  (EP,  also  called  the  "event  re¬ 
lated  potential"  ( E  R  P  ) ) ,  is  a  complex  phenomenon.  Following 
the  presentation  of  a  discrete  visual  or  auditory  stimulus,  the 
electrical  activity  of  the  brain  undergoes  a  series  of  positive 
and  negative  oscillations.  Each  plus  and  minus  swing  of  the 
brain  wave  is  referred  to  as  a  "component"  of  the  EP  and  the 
components  of  primary  interest  to  behavioral  researchers  take 
place  within  the  first  second  following  stimulus  onset.  Two 
classic  experiments  related  changes  in  EPs  to  vigilance  and 
selective  attention.  Haider,  Spong .  and  Lindsley  (  1964) 
showed  that  certain  components  of  the  EP  varied  reliably  with 
performance  on  a  vigilance  task,  suggesting  that  examination 
of  the  EP  waveform  could  be  used  to  infer  level  of  attention. 
Regarding  selective  attention,  Spong,  Haider,  and  Lindsley  (1965) 
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showed  that,  if  subjects  were  instructed  to  attend  to  one  sen¬ 
sory  channel  and  ignore  another.  EPs  to  the  attended  channel 
stimuli  were  augmented. 

In  the  tradition  of  the  vigilance  paradigm  much  of  the  recent 
EP  research  has  focused  on  responses  to  rare  events,  e.g.,  an 
infrequent  high  tone  occurring  in  a  series  of  low  tones  (Karlin, 
1970;  Sutton,  1969;  Goodin,  Squires,  Henderson,  &  Starr,  1978; 
Duncan-Johnson  &  Oonchin,  1977). 

While  the  three  variables  of  HR,  SCR,  and  EP  are  conceptually 
related  to  each  other  and  to  task  difficulty,  there  has  been  a 
surprising  lack  of  research  aimed  at  i nterrelating  the  three. 
This  report  discusses  four  experiments  designed  to  investigate 
the  extent  to  which  HR,  SCR,  and  EP  co-vary  with  each  other  and 
with  performance  during  two  common  behavioral  information  pro¬ 
cessing  tasks.  The  tasks  are  choice  reaction  time  and  letter 
matching,  chosen  because  of  their  fundamental  importance  to 
the  study  of  human  information  processing.  Two  versions  of 
each  task  are  conducted,  and  within  each  task,  information  load 
is  systematically  varied. 

1 1 .  Rationale 

Assessment  of  human  performance  becomes  more  difficult  as  the 
complexity  of  man-machine  systems  increases.  The  point  has 
been  reached  where  behavioral  research  must  step  beyond  the 
limits  imposed  by  quantifying  behavior  in  terms  of  skeletal 
motor  responses  alone.  Psychophys i ol og i ca 1  assessment  of  the 
internal  state  of  the  operator  shows  promise  of  providing  the 
tools  to  take  this  step,  By  combining  behavioral  and  psycho- 
physiological  assessment,  a  more  comprehensive  profile  of 
human  performance  emerges.  This  should  permit  a  greater  under¬ 
standing  of  the  conditions  under  which  performance  deteriorates 
and  point  to  techniques  which  can  maximize  performance. 

III.  Objectives 

The  project  discussed  in  this  report  utilizes  a  newly 
established  computer  laboratory.  One  primary  objective  was 
to  establish  laboratory  procedures  for  efficient  and  reliable 
handling  of  the  large  quantities  of  data  involved  in  psycho- 
physiological  research  and  to  insure  that  all  components  of 
the  computer  laboratory  were  functioning  properly.  This 
objective  included  the  training  of  project  personnel  in  the 
use  of  the  new  computer  facility. 

The  variables  of  HR,  SCR,  EP,  and  eye  movement  have  not  been 
investigated  simultaneously  in  previous  research.  A  major 
objective  was  to  investigate  the  interrelationships  of  these 
variables  with  each  other  and  with  performance  in  two  common 


information  processing  tasks. 

I V .  Experiment  1 


Introduction 

Although  RT  tasks  have  been  used  previously  in  psychophysio- 
logicai  research,  the  paradigms  have  differed  considerably 
from  the  classic  choice  RT  paradigm.  Particularly  in  EP 
research,  investigators  tend  to  use  simple  RT  rather  than 
choice  RT,  and  the  subjects  are  instructed  to  respond  to  an 
infrequent  signal,  usually  a  tone.  Operationally,  then, 
these  paradigms  become  vigilance  tasks.  Also,  motor  move¬ 
ments  are  minimized  by  making  the  RT  response  as  simple  as 
possible,  thus  there  is  little  generality  to  real-life 
situations  where  responses  involve  arm,  wrist,  and  finger 
movements.  Finally,  as  mentioned  before,  investigators 
typically  do  not  quantify  several  psychophy s i ol ogi  cal  vari¬ 
ables  simultaneously  and  attempt  to  interrelate  them. 

The  purpose  here  was  to  simulate  a  more  real-life  situation, 
as,  for  example,  in  a  cockpit,  where  one  of  several  lights 
might  come  on,  each  one  requiring  a  different  response.  For 
this  reason,  the  classic  8-alternative  choice  RT  paradigm  was 
used,  in  which  RT  typically  increases  linearly  as  a  function 
of  bits  of  information  (log  of  the  number  of  alternatives). 

Method 

Subjects -Si x  male  psychology  graduate  students  (ages  21  to 
29  years,  mean  of  25  years)  were  paid  $4.00  per  hour  for 
participation.  All  were  familiar  with  choice  RT  paradigms 
but  none  had  previously  served  as  a  subject  in  such  a  para¬ 
digm. 

Apparatus-The  RT  panel  consisted  of  eight  response  buttons 
arranged  in  a  semicircle  with  a  start  button  in  the  center. 
Each  button  was  2.5  cm  square  and  could  be  independently 
lighted.  The  radius  of  the  semicircle,  measured  from  the 
start  button  to  any  response  button,  was  20.5  cm.  Since  the 
response  buttons  could  be  independently  lighted,  they  also 
served  as  the  stimulus;  this  arrangement  maximized  stimulus- 
response  compatibility. 

The  RT  panel  rested  on  a  shelf  placed  68  cm  above  the  floor 
of  an  electrically  shielded  subject  booth,  which  had  inside 
dimensions  of  1.2  meters  long  by  0.8  meter  wide  by  1.7 
meters  high.  The  booth  contained  only  the  RT  panel  and  a 
common  armless  steel-frame,  vinyl  padded  chair  in  which  the 
subject  sat. 
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Biopotentials  were  led  from  Beckman  silver-silver  chloride 
electrodes  to  a  Beckman  Type  411  6-channel  Dynograph,  the 
high  level  outputs  of  which  were  fed  to  a  Digital  Equipment 
Corporation  POP  11/34  computer  fitted  with  Analog-to-digital 
(A/D)  converters.  The  POP  11/34  system  was  programmed  to 
control  all  phases  of  the  experiment.  Data  collected  on-line 
were  stored  on  a  Pertec  magnetic  disk  and  were  then  trans¬ 
ferred  to  magnetic  tape  for  storage  and  off-line  analysis. 
Reaction  time  was  measured  to  the  nearest  millisecond  by  a 
programmable  hardware  clock.  The  A/D  was  programmed  to 
sample  and  store  each  4  msec. 

Procedure-A  trial  began  when  computer  software  lighted  the 
rest  button.  The  subject  depressed  the  rest  button  which 
extinguished  the  rest  button  light  and  initiated  a  variable 
foreperiod  (3  to  6  sec,  mean  of  4.5  sec)  at  the  end  of  which 
one  response  button  was  lighted.  In  the  2-alternative 
condition,  one  of  the  two  topmost  buttons  was  lighted.  In 
the  4-alternative  condition,  one  of  the  four  topmost  buttons 
was  lighted,  and  in  the  8-alternative  condition,  any  one  of 
the  eight  response  buttons  was  lighted.  Which  button  was 
lighted  was  determined  randomly  with  the  constraints  that 
runs  greater  than  three  were  not  permitted  and  that  stimulus 
probability  was  equated  over  a  100  trial  sequence. 

The  subject's  task  was  simply  to  release  the  start  button  and 
press  the  lighted  button  as  rapidly  as  possible.  This  ex¬ 
tinguished  the  light  and  initiated  a  fixed  4  sec  intertrial 
interval  after  which  the  start  button  was  again  lighted  to 
signal  that  the  next  trial  could  begin.  Subjects  were 
cautioned  to  restrict  gross  body  movements  to  the  intertrial 
interval  and  to  avoid  pressing  the  start  button  until  they 
were  ready  to  remain  motionless.  In  this  manner,  the  subject 
could  prolong  the  intertrial  interval  in  order  to  make 
postural  adjustments  and  thus  avoid  movement  artifacts  in 
the  physiological  records  during  a  trial. 

If  the  start  button  was  pressed  and  then  released  during  the 
foreperiod,  the  light  came  on  again,  the  trial  was  aborted, 
and  the  foreperiod  recycled  This  insured  that  all  subjects 
had  their  finger  at  the  same  starting  location  on  every 
trial.  Finally,  a  "bad"  trial  was  defined  as  (a)  pressing 
a  response  button  that  was  not  lighted  (error)  or  (b)  the 
failure  to  press  any  response  button  within  1000  msec  after 
one  response  button  was  lighted  (no  response).  Bad  trials 
occurred  rarely,  but  when  they  did,  the  software  compensated 
by  administering  another  trial  so  that  100  "good"  trials 
were  obtained  from  each  subject  in  each  condition. 

There  were  two  sessions  separated  by  1  to  3  days.  During  the 
first  session  (practice),  the  task  was  carefully  explained 
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and  a  few  trials  demonstrated.  The  condition  (2,  4,  or  8 
alternative)  was  announced  and  100  good  trials  administered 
at  each  of  the  three  conditions  with  5  min  breaks  between 
conditions.  The  order  of  presentation  of  conditions  was 
counterbalanced  across  subjects.  Total  time  for  the  practice 
session  was  approximately  1  hour. 

The  second  session  was  identical  to  the  first  except  that 
physiological  responses  were  assessed.  Electrodes  were 
placed  at  the  following  locations:  Vertex  (C?)  referenced 
to  right  mastoid  to  record  the  EP;  left  index^finger  referenced 
to  the  back  of  the  same  hand  to  assess  skin  conductance; 
centerline  lower  rib  referenced  to  lateral  line  lower  rib  to 
assess  heart  rate;  lateral  canthus  of  the  left  eye  referenced 
to  the  mediolateral  center  of  the  same  eye  just  superior  to 
the  eyebrow,  to  assess  eye  movements.  The  left  mastoid 
served  as  the  patient  ground.  Bandpass  was  set  at  5.3  Hz  to 
30  Hz  for  all  channels  except  SCR  which  was  DC  to  30  Hz. 
Accuracy  of  amplitude  measurements  was  insured  by  equating 
Dynograph  calibration  signals  with  a  known  number  of  A/D  units 
at  the  beginning  of  each  run. 

The  subject  wore  a  lightweight  junction  box  around  the  necx 
which  served  to  connect  the  primary  leads  to  the  Dynograph 
through  a  connector.  In  this  manner  the  subject  could  dis¬ 
connect  from  the  Dynograph  during  rest  periods  and  move  about 
freely.  Electrode  impedance  (measured  at  30  Hz)  was  typi¬ 
cally  1  to  5  kilohms  for  the  two  mastoids  and  vertex  leads, 
and  10  to  40  kilohms  for  the  other  leads.  All  subjects  were 
right-handed  and  responded  with  that  hand.  The  left  hand 
rested  on  a  cushion  next  to  the  RT  panel.  Because  of  the 
time  required  to  attach  and  detach  the  electrodes,  this  ses¬ 
sion  was  approximately  45  min  longer  than  the  first. 

The  experiment  was  conducted  in  a  darkened  room  (overhead 
lights  off)  so  that  stimulus  onset  was  a  very  salient  event. 

Results  and  Discussion 

In  all  statistical  tests,  a  .05  rejection  level  was  used  to 
indicate  a  reliable  difference. 

Data  Editing-Trials  were  discarded  if  large  ocular  responses 
(blinks)  contaminated  the  vertex  potential  record.  This 
occurred  in  less  than  5%  of  the  trials. 

Behavioral  Results-The  median  RT  was  computed  for  each  sub¬ 
ject  and  Condition  (Conditions  are  designated  1,  2,  and  3 
representing  bits  of  information  for  the  2-  4-,  and  8- 

alternative  choices,  respectively).  The  means  of  these 
medians  were  344,  340,  and  345  msec  for  Conditions  1,  2, 
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and  3.  This  function  has  a  slope  of  essentially  zero,  indi¬ 
cating  that  RT  did  not  increase  as  a  function  of  bits  of 
information.  This  result  was  unexpected;  in  retrospect,  it 
was  hypothesized  that  the  high  stimul us -response  compatibility 
and  the  easily  discriminable  visual  cue  combined  to  make  the 
task  extremely  easy.  Even  in  the  8-alternative  situation, 
the  task  required  minimal  central  processing,  since  it  was 
only  necessary  for  the  subject  to  respond  to  any  abrupt  change 
in  background  illumination.  This  hypothesis  was  tested  and 
supported  in  Experiment  2. 

Psychophysiological  Results:  Be  tween -Subject  Compari sons -As 
with  the  RT  results,  there  were  no  consistent  differences 
among  the  psychophysiological  measures  attributable  to  Condi¬ 
tions.  However,  interesting  relationships  emerged  when 
subjects  were  grouped  into  fast  and  slow  responders  (a  simple 
median  split,  placing  three  subjects  below  and  three  sub¬ 
jects  above  the  grand  median  RT ) .  Figure  1  shows  the  HR  and 
SCR  for  the  fast  and  slow  subjects  as  functions  of  Conditions 
and  trials.  Considering  first  the  HR  results  (top  two  panels), 
across  trials  and  Conditions,  fast  subjects  maintained  higher 
mean  HR  than  slow  subjects.  This  difference  was  not  reliable 
( F ( 1 , 4 )  =  5.73),  although  it  did  approach  the  .05  level.  The 
groups  by  Conditions  interaction  was  reliable  (F(2,8)  =  5.19), 
indicating  that  the  differences  in  HR  between  fast  and  slow 
subjects  decreased  as  a  function  Conditions  (see  Figure  1  top 
left  panel ) . 

The  SCR  data,  displayed  in  the  bottdtii  two  panels  of  Figure  1, 
were  more  variable.  While  inspectidH  of  the  figure  sllggests 
that  fast  subjects  generally  maintained  higher  SCR  thdh  slow 
subjects  over  Conditions  and  trials,  only  reliable  effect 
involving  groups  wSs  the  groups  by  trials  interacHbH  (m2, 8)  = 
7.16),  indicating  that  fast  subjects  iHthbased  SCR  tivbh  thials 
while  the  slow  subjects  did  not  (see  bdttbm  right  pdHbl  bf 
Figure  1 ) . 

The  vertex  potential  (i.e.,  the  cortifcSl  fevbked  potential  re¬ 
corded  from  the  Vertex  lead)  was  characterized  by  four 
prominent  peaks,  the  first  negative  occdl-ring  approximately 
200  msec  foildWihg  stimulus  onset  (NZOO),  a  positive  at 
approximately  2*50  msec  (P250),  a  second  negative  at 
approximately  3 b 0  msec  (N300)  and  a  secohd  positive  at  ap¬ 
proximately  325  tasec  (P325).  As  with  HR  and  SCR,  a  betWben- 
subjects  analysis  was  performed  on  the  latency  and  amplitude 
of  each  of  these  vertex  components.  Only  the  N200  and  P325 
components  varied  as  a  function  of  groups,  and  these  are 
displayed  in  Figure  2.  N200  amplitude  decreased  over  Condi¬ 

tions  for  the  fast  subjects  and  increased  over  Conditions 
for  the  slow  subjects  (top  panel).  This  interaction  approached, 
but  did  not  reach,  the  .05  level  of  confidence  (F(2,8)  =  4.36). 
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Figure  1.  Heart  rate  (expressed  in  beats  per  minute,  B.P.M.)  shown 
in  top  two  pane-ls  and  skin  conductance  (expressed  in  u»ho  ) 
shown  in  bottom  two  panels  as  functions  of  bits  of  information 
(1,  2,  and  3  bits  correspond  to  2,  4,  and  8  alternative  choice 
respectively)  and  trial  blocks  for  the  fast  (triangles)  and 
slow  (squares)  subjects  of  Experiment  1. 
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Similarly,  I'a.'S  amplitude  (middle  panel)  was  apparently  greater 
tor  tast  subjects  across  Conditions,  but  the  groups  effect 
(It  1,41  b.S.O  did  not  reach  the  accepted  confidence  level, 
finally.  P.U'S  latency  (bottom  panel)  appeared  shorter  tor  fast 
subjects,  but  not  reliably  so  (1(1,4)  .5.0,’). 

In  summary,  while  inspection  of  the  figures  suggests  that  fast 
subjects  were  more  aut  onomi  ca  1  1  v  aroused  (higher  HR  and  SCR) 
and  more  attentive  (augmented  vertex  potentials)  than  slow 
subjects,  statistical  support  was  lacking  in  several  critical 
compar i sons . 

I' s y c h o p h y  s  i o loy  i  c a  1  Results:  W  i  t  i n -  s u b j e c  t  c omp ,iri  sons  ■  1  h e 
be  t  ween  -  sub  j  ec  t  comparisons  ,iust  discussed  necessitated  divid¬ 
ing  the  sis  subjects  into  last  and  slow  subgroups  of  only 
three  subjects  each.  While  the  graphic  representation  of  the 
results  suggested  a  consistent  pattern  of  augmented  physio¬ 
logical  responses  for  fast  subjects  in  all  comparisons, 
statistical  support  for  this  genera  1  i  ,*at  i  on  was  not  convinc¬ 
ing.  Additionally,  the  p  r o  h 1 e  m s  a  s  s  o  c i a  t  e  d  wit h  g e  n  e  r  a  1 i : i n  g 
from  such  small  sample  si :es  are  well  known.  lhe  question  of 
whether  "good"  performance  (fast  responding)  is  associated  with 
augmented  phvs i ol og i ca 1  responses  can  be  approached  also  by  a 
wi t h i n - sub jec t  analysis  which  avoids  the  problem  of  dividing 
subjects  into  subgroups.  lo  pursue  this,  the  Rls  tor  each 
subject  and  each  rendition  were  divided  into  guartiles,  then 
the  vertex  potential  data  were  averaged  separately  tor  i)  1 
(fastest  KIs)  and  Q4  (slowest  Rls).  These  were  analysed 
separately  tor  the  three  Conditions.  There  were  no  consis 
tent  effects  attributable  to  Conditions,  thus  tor  the  purposes 
of  graphic  represent  at  ion  the  three  Conditions  are  averaged 
and  displayed  in  figure  a. 

I  he  general  impression  gained  from  inspection  of  t  igure  d  is 
that  the  major  components  of  the  vertex  potential  occur 
earlier  in  time  and-'or  are  of  larger  amplitude  on  tast  trials 
than  on  slow  trials.  Statistical  analyses  lend  confidence 
to  this  impression:  N.'OO  amplitude  (from  baseline)  was 
greater  for  fast  trials  in  all  three  Conditions  (t(S)  4.t'°, 

.  h  S  ,  a  n  d  H  H  f  o  r  t'  o  n  d  i  t  i  o  n  s  1  ,  ,  a  n  d  d  ,  res  p  e  c  t  i  v  e  1  y  )  , 

N.UH)  latency  was  shorter  for  fast  trials  in  all  three  Condi 
tions  T  t  ( S )  •  d .  00 ,  4,.'0,  and  d.O'a),  and  Pd.'b  latency  was 
shorter  for  fast  trials  in  all  three  Conditions  (t(bl  4.*'), 
t>.tT7,  and  4.6,').  Pd.’b  amplitude  tended  to  be  larger  tor  fast 
trials  in  all  three  Conditions,  but  not  reliably  so  (t(b)  * 
.',10.  r.Sb,  and  l  .  b .' ) .  Thus,  the  vertex  potential  was 
augmented  on  fast  trials,  displaying  generally  shorter 
latency,  higher  amplitude  components.  It  appears,  therefore, 
that  augmented  vertex  potentials  are  associated  with  tast 
responding  in  both  within  and  between  subject  comparisons. 


V) 


i  ,t .  loft  vortical  mark  is  Both  calibration  marker  tl  uV ) 


and  stimulus  onset  marker.  Positive  up.  1  avh  tii  on  al'si  iss,\ 
is  100  msec.  Broken  line  is  vertex  potential  tor  fast  10 1' 
Kls,  and  solid  line  is  vertex  potential  for  slow  ft}  4'  Bis. 
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It  would  bo  i  nterpst  I  ng  to  know  whether  the  MR  .ind  S('R  also 
showed  reliable  differences  on  fast  and  slow  trials  averaqed 
over  subjects.  Unfortunately.  It  was  necessary  to  store 
these  data  in  block  format,  and  It  was  not  possible  to  sort 
HR  and  SCR  according  to  individual  trial  R1  . 

Correlational  ana  lyses -Within  and  between  subject  correla¬ 
tions  Tfearson’s  "r"1  were  computed  for  R1  and  latency  and 
amplitude  of  each  of  the  four  prominent  components  of  the 
vertex  potential.  The  t-test  was  used  to  evaluate  differences 
from  ?ero.  Considering  first  the  vil  th  1  n -subject  results;  in 
Conditions  l  and  2,  RT  correlated  reliably  with  P3PS  ampli¬ 
tude  (average  r  *  - .  ?fl  and  -.30  for  Conditions  1  and  ?)  and 
P 32 5  latency  (.2b  and  .2b  tor  Conditions  l  and  ?).  The 
results  for  Condition  3  were  in  the  same  direction  but  not 
statistically  reliable  (.lb  for  RT  and  P32S  latency,  and  -.12 
for  RT  and  P32S  amplitude).  thus,  in  the  two  simpler  Condi¬ 
tions.  fast  RTs  were  associated  with  high  amplitude,  short 
latency  P3?Ss  but  these  relationships  deteriorated  in  the 
most  difficult  Condition. 

The  be  tween  -  sub j ec t  correlations  agreed  with  the  wi thin-sub¬ 
ject  correlations.  RT  and  P32S  amplitude  were  negatively 
correlated  (-.47,  -.13,  and  -,SM  (or  Conditions  1,  2.  and  31. 
and  RT  and  PT2S  latency  were  positively  correlated  {  .  4  H .  .  S‘>, 
and  .71  for  Conditions  l.  2.  and  3),  With  only  4  degrees  ot 
freedom  available,  none  ot  these  coefficients  were  reliably 
different  from  ?ero. 

Summary- The  data  were  analysed  from  both  within  and  between 
subject  approaches.  1  he  be  tween  -  sub joc t  analyses  presented  a 
consistent  picture  of  augmented  vertex  potentials.  HR.  and 
SCR  suggesting  that  last  subjects  were  more  sympathetically 
aroused  and  more  attentive  to  t a sk - re  1 e van t  stimuli  than 
were  slow  subjects,  and  the  correlations  suggested  that  fast 
RTs  were  associated  with  high  amplitude,  short  latency  PT.'Ss. 
However,  the  results  of  statistical  tests  in  the  between 
analyses  often  were  not  statistically  reliable.  Ihe  within 
central  tendency  analyses  presented  the  same  picture  of 
augmented  vertex  potentials  for  fast  trials,  compared  with 
slow  trials,  and  the  correlations  again  indicated  that  fast 
RTs  were  associated  with  high  amplitude,  short  latency  P72Ss. 
In  these  comparisons,  statistical  confirmation  was  reasonably 
consistent.  Thus,  the  results  lead  to  the  conclusion  that 
fast  responding  is  associated  with  augmented  sympathetic 
and  central  nervous  system  activation.  This  conclusion  is 
examined  further  in  I  specimen!  2. 


V. 


Experiment  2 


Introduction 

None  of  the  dependent  variables  in  Experiment  1  varied  sys¬ 
tematically  with  Conditions  (information  load),  the  major 
independent  variable.  Suspecting  that  this  was  due  to  the 
high  stimulus-response  (S-R)  compatibility  in  Experiment  1, 
the  present  Experiment  was  designed.  In  all  respects,  this 
Experiment  was  identical  to  Experiment  1  with  the  single 
exception  that  central  processing  demands  were  increased  by 
decreasing  S-R  compatibility.  Specifically,  subjects  were 
instructed  to  respond,  not  to  the  lighted  button  but  to  the 
mirror  image  of  the  lighted  button.  Thus,  for  example,  in 
the  8-alternative  Condition,  if  the  far  left  button  was 
lighted,  the  correct  response  would  be  to  press  the  far  right 
button  even  though  it  was  not  lighted. 

Method 

The  same  six  subjects  of  Experiment  1  served  in  the  present 
Experiments.  All  methods  and  procedures  were  the  same  with 
the  single  exception  of  requiring  the  mirror  image  responses. 

Results  and  Discussion 

Behavioral  Results-The  means  of  the  subjects'  median  RTs  were 
370,  406,  and  440  msec  for  Conditions  1,  2,  and  3,  respec¬ 
tively.  The  effect  of  Conditions  was  reliable  (p  <  .05), 
indicating  that  RT  increased  as  a  function  of  bits  of  infor¬ 
mation.  The  function  was  linear  with  a  slope  of  35  msec  per 
bi  t . 

Psychophysiological  Results  :  Between-subject  comparisons  -The 
HR  and  SCR  data  are  displayed  in  Figure  4.  In  agreement  with 
the  results  of  Experiment  1,  HR  and  SCR  tended  to  be  elevated 
across  Conditions  and  trials  for  fast  subjects,  but  none  of 
the  main  effects  or  interactions  were  reliable. 

Vertex  potential  latency  and  amplitude  results  for  fast  and 
slow  subjects  are  displayed  in  Figure  5.  Neither  the  main 
effects  nor  the  interactions  were  reliable  for  the  N200 
amplitude  and  P 3 2 5  latency  comparisons,  but  P 3 2 5  amplitude 
(middle  panel)  was  reliably  greater  for  fast  subjects  (F(l,4)  = 
7.73). 

Psychophysiological  Results:  Within-s  u  bj  e  ct  compari sons  -The 
vertex  potentials  for  Q1  and  Q4  RTs  for  the  three  Conditions 
are  displayed  in  Figure  6.  Note  that,  as  task  difficulty 
increased,  the  P 3 2 5  component  became  less  well  defined, 
particularly  in  Condition  3.  Examination  of  the  data  revealed 
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Figure  4.  Heart  rate  (expressed  in  beats  per  minute,  B.P.M.)  shown 
in  top  two  panels  and  skin  conductance  (expressed  in  iimho) 
shown  in  bottom  two  panels  as  functions  of  bits  of  information 
(1,  2,  and  3  bits  correspond  to  2,  4,  and  8  alternative  choice, 
respectively)  and  trial  blocks  for  the  fast  (triangles)  and  slow 
(squares)  subjects  of  Experiment  2, 
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Figure  6.  Left  vertical  mark  is  both  calibration  marker  (1  uV)  and 
stimulus  onset  marker.  Positive  up.  Abscissa  tics  are  100 
msec  apart.  Light  traces  are  vertex  potentials  for  fast  (Ql) 
RTs,  heavy  traces,  slow  (Q4)  RTs.  Top  traces.  Condition  1, 
middle  traces.  Condition  2,  and  bottom  traces.  Condition  3. 
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that  the  variance  of  all  components  increased  markedly  in 
Condition  3  with  the  greatest  increase  in  variance  observed 
in  the  P325  component.  This  increased  variance  resulted  in 
fewer  significant  differences  as  task  difficulty  increased: 

In  Condition  1,  N200  amplitude  was  larger  and  N200  latency 
shorter  on  fast  trials  (t(5)  *  2.89  and  9.30).  In  Condition 
2,  only  the  P325  component  differed  between  fast  and  slow 
trials.  The  amplitude  was  greater  for  fast  trials  (t(5)  - 
2.57)  and  the  latency  shorter  (t{5)  a  3.16).  Finally,  in 
Condition  3,  there  were  no  reliable  differences  between  fast 
and  slow  trials  for  any  of  the  vertex  components. 

C_o_i*_r 1  analyses -  W i  thin-subject  correlations  revealed 
reliable  relationships  between  P325  amplitude  and  RT  across 
Conditions  (average  r  =  -.43).  Also.  P325  latency  correlated 
reliably  with  RT  in  Condition  1  (r  -  .24),  approached  the  .05 
level  in  Condition  2  (r  -  .19).  and  dropped  to  essentially 
zero  (r  -  .07)  in  Condition  3.  Between-subject  correlations 
showed  the  same  pattern  for  RT  and  P325  amplitude  (average 
r  =  -.42.  not  reliable  with  4  df),  but  the  correlation  of 
RT  and  P326  latency  was  essentially  zero  (average  4  *  -.081. 

Summary  -  The  pattern  of  results  was  generally  the  same  as  for 
Experiment  l.  Between  subject  comparisons  revealed  consis¬ 
tent  but  not  statistically  reliable  augmentation  of  HR,  SCR. 
and  vertex  potentials  for  fast,  compared  with  slow,  subjects. 

An  exception  was  was  that  P325  amplitude  was  significantly 
greater  for  fast,  compared  with  slow,  subjects  over  Conditions. 
The  correlations  suggested  that  fast  RTs  were  associated 
with  high  amplitude  P325s,  but  not  reliably  so.  The  results 
of  the  within  comparisons  revealed  reliable  augmentation  of 
vertex  potentials  for  fast  trials  in  Condition  1.  in  agree¬ 
ment  with  the  results  of  Experiment  1.  However,  as  informa¬ 
tion  load  increased,  fewer  differences  were  seen;  in 
Condition  2,  only  P325  amplitude  and  latency  were  different 
for  fast  and  slow  trials,  and  in  Condition  3,  no  reliable 
effects  were  detected.  Also  in  agreement  with  the  results  of 
Experiment  1.  the  correlations  indicated  that  fast  RTs  were 
associated  with  short  latency,  high  amplitude  P325s,  but  the 
RT-P325  latency  relationship  deteriorated  as  information  load 
i n creased . 


VI.  E  xper i men t  3 


I nt  roduct i on 

Experiments  1  and  2  dealt  with  choice  reaction  time  which  is 
among  the  simplest  behavioral  tasks  in  which  information 
load  can  be  systematically  varied.  In  the  third  and  fourth 
experiments,  a  more  complex  task  was  investigated,  which 
involved  symbol  recognition  (letters  of  the  alphabet)  and 
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required  subjects  to  make  semantic  judgments.  This  is  the 
letter  matching  task  which  is  described  in  detail  by  Posner 
and  Boies,  (1971).  Briefly,  subjects  are  presented  with  a 
pair  of  letters  which  may  be  physically  identical  (e.g.,  AA), 
identical  in  name  only  (e.g.,  Aa),  or  different  (e.g.,  AB). 

The  subject  has  two  response  keys,  marked  "same"  and  "dif¬ 
ferent"  and  is  instructed  to  make  a  judgment  and  respond  as 
rapidly  as  possible.  Posner  and  others  have  shown  repeatedly 
that  reaction  time  to  name -identity  pairs  is  considerably 
longer  than  to  physical  identity  pairs. 

The  condition  just  described  is  the  "same-different"  condition 
In  another  condition,  referred  to  as  the  "vowel -consonant" 

(VC)  condition,  the  task  is  changed  in  only  one  way:  the 
letter  pairs  might  be  both  vowels  (e.g.,  AE),  both  consonants 
(e.g.,  BD),  or  one  of  each.  In  this  case,  the  correct  re¬ 
sponse  would  be  "same"  for  the  first  two  examples,  since  both 
are  vowels  or  consonants,  and  "different"  for  the  case  when 
one  is  a  vowel  and  one  a  consonant.  Again,  the  literature  is 
consistent  in  showing  that  RTs  are  longer  to  vowel  and  conso¬ 
nant  matches  than  to  either  physical  matches  or  name  matches 
(Posner  &  Mitchell,  1967). 

The  rationale  underlying  the  RT  differences  in  the  letter 
matching  task  is  that  physical  matches  require  minimal  central 
processing  since  decisions  can  be  maue  on  the  basis  of  stimu¬ 
lus  characteri sti cs  alone  (that  is,  in  a  physical  match, 
all  the  lines  used  to  draw  the  two  stimuli  are  identical). 
However,  in  the  name - i den t i ty  match,  a  semantic  translation 
is  required  which  requires  more  central  processing  time  (that 
is,  lower  and  upper  case  letters  do  not  look  alike,  but  they 
share  the  same  name).  Finally,  the  vowel -consonant  matches 
are  the  most  difficult  since  they  are  "same"  only  in  the  sense 
that  they  are  members  of  the  same  abstract  sets,  and  this 
requires  even  more  central  processing  time. 

The  first  two  experiments  utilized  choice  RT  paradigms,  which 
minimized  semantic  translations.  The  letter  matching  task 
represents  a  higher  level  of  stimulus  processing  since  cor¬ 
rect  responses  depend  on  the  subjects'  ability  to  manipulate 
abstract  symbols.  In  this  manner,  the  letter  matching  task 
represents  a  level  of  task  difficulty  a  step  above  that  of 
the  choice  RT  task  and  serves  as  the  next  logical  step  in 
investigating  the  relationships  among  psychophysiologi cal  and 
behavioral  indices  of  performance. 

Method 


Subjects-Fi ve  of  the  six  subjects  of  Experiments  1  and  2  also 
served  in  this  experiment.  The  sixth  left  the  university  and 
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was  replaced  by  another  of  approximately  the  same  age  and 
background . 

Apparatus-The  letters  were  presented  on  a  Hewlet t-Packard 
2948A  Graph i  cs  Terminal.  The  letters  used  in  both  the  same- 
different  ($P)  and  vowe 1  -consonan t  (VC)  conditions  were  upper 
and  lower  case.  A,  1,  D,  and  f,  drawn  with  the  aid  of  the 
2948A's  optional  large  letter  set.  As  in  Experiments  1  and 
2,  the  rnr  11/34  system  was  programmed  to  present  all  stimuli 
record  all  data,  and  time  the  various  intervals  of  the  ex¬ 
periment.  The  "same"  and  "different"  response  keys  were 
simple  telegraph  keys  purchased  at  a  local  electronics  supply 
store.  Both  were  mounted  horizontally  to  the  immediate  right 
of  the  display.  The  keys  were  7.5  cm  a p a r t . 


Procedure-Subjects  served  in  two  sessions.  Curing  the  first 
(practice  session!,  the  task  was  carefully  explained  and  each 
subject  received  96  practice  trials  on  the  SP  condition  and. 
after  a  10  min  break.  96  practice  trials  on  the  VC  condition. 
Each  trial  started  with  the  appearance  of  a  2.5  by  2.5  cm 
checkerboard  which  appeared  in  the  center  of  the  display  and 
served  as  a  fixation  point.  After  4  sec.  the  checkerboard 
was  replaced  by  two  letters  side  by  side,  and  these  remained 
visible  until  the  subject  responded  to  either  the  same  in¬ 
different  key.  The  letters  subtended  slightly  less  than  2 
degrees  of  arc  and  were  therefore  fovea  1. 

When  the  subject  responded,  the  letters  disappeared,  and  a  4 
sec  intertrial  interval  was  imposed,  during  which  time  the 
display  screen  was  blank.  The  beginning  of  the  next  trial 
was  a  g  a  i  n  marked  by  the  a  p  p  e  a r  a  n c  e  0  f  t  h  e  checkerboard.  T h e 
length  of  this  first  session  was  approx i ma te ly  1  hour. 

The  second  session,  which  followed  the  first  by  1  to  2  days, 
was  the  same  except  that  biopotential  leads  were  attached  as 
described  for  Experiment  1,  and  P2  trials  were  administered 
for  each  of  the  SP  and  VP  conditions.  Again,  conditions 
were  separated  by  a  10  min  break. 

Within  each  sequence  of  48  trials,  there  were  equal  numbers 
of  "same”  and  "different'  letter  pairs.  All  letters  appeared 
equally  often,  and  the  positions  of  upper  and  lower  case 
letters  were  balanced. 

Results  and  Discussion 

B  e  havuir  a  1  Re  s  u  1 1  s  -  T  he  me  d  i  a  n  R  I  to  p  hy  s  i  c  a  1  1  y  i  de  n  t  i  c  a  1 

'»  t  V  r  »  a  .  -  .  1  *  1  •  t  . 


stimuli  (PI)  was  542  msec  averaged  across  the  six  subjects. 
The  comparable  figure  for  name - i den t i t y  (NP  was  602  msec. 
This  difference  was  reliable  tp  .051.  which  replicates 


m  s  e  c  a  v  e  r  a  g  e  d 


o  a  r  1  i  o  r  t  i  n  d  l  no  s  that  i'h>  \  i  c  a  1  ma  1 h  e  s  r  e  g  u  i  r  t'  1  o  s  s  process  i  n  o 
time  than  name  matches.  In  the  VC  condition,  the  median  Hi 
to  Vi  mat  ches  was  '0v5  ms,  con  s  i  vie  rah  1  y  loiuje  r  than  to  I' 1  or 
NI.  which  is  also  in  agreement  with  previous  results  yPosnor 
.V  Mitchell,  l  op  7;  1'osner  V  Poies,  1°*!'. 

1'sv  c  h  oj'  hy  sioUujnal  re  s  u  1  t  s  -  A  1  t  ho  ug  h  ho t  we  en-s  u  b  j  e  c  t  c  omp  a  r  i  - 
sons  were  made,  neither  HR,  SCR.  nor  specific  components  of 
the  vertex  potential  differed  for  fast  versus  s 1 ow  subjects 
in  spite  of  the  fact  that  substantial  Hi  differences  were 
present.  Concerning  « i t h i n - s uh.i ec t  comparisons,  HR  was  stable 
throughout  the  experiment  and  was  not  different  for  the  PI 
versus  Nl  matches  nor  for  the  O',  versus  0-1  R's.  Skin  conduc¬ 
tance  did  reliably  increase  over  trials  vp  .Ob'.  Ihis 
function  (not  shown'  was  linear  and  increased  mono t on  i  ca  1  1 v 
from  the  first  to  the  last  trial  b  lock,  '  n  d  i  c  a  t  i  ti  g  a  s  tu  a  1  1 
but  steady  increase  in  sympathetic  activity  as  the  experiment 
p  rod  res  sed . 

figure  '  displays  the  vertex  potential  averaged  over  subjects, 
’he  three  superimposed  traces  represent  the  vertex  potential 
for  P 1 ,  Nl,  and  VC  matches.  Recall  that  the  median  R's  were 
h  0 .'  ,  and  ’O'5  msec,  respectively  ,  for  these  three  matches 
and  note  that  the  peak  amplitude  of  the  prominent  positive 
component  occurring  approx i ma t e 1 y  led  to  000  msec  following 
stimulus  onset  v  P  0  0  0  '  increases  mono  t  on  i  ca  1  1  v  with  median  ft’, 
these  amplitude  differences  were  reliable  for  the  1  -  N 1 
x'  x' m  p  a  r  i  s  o  n  { p  -  .Ob'  a  n  xi  t  h  e  Y  C  -  P  1  x'  x’ m  p  arisen  [  p  •.  .Op'. 

In  summary,  the  behavioral  results  agreed  with  those  previously 
published  by  others  yPosnor  Poies,  1 0  ’  1  '  :  Rls  were 
shortest  for  physical  matches,  intermediate  for  name  matches, 
and  longest  for  vowel -consonant  matches,  which  presumably 
is  i  fix- ica  five  of  the  greater  amounts  of  central  processing 
time  *oguired  to  decide  that  two  stimuli  have  the  same  name 
or  belong  to  the  same  abstract  sets  v vowels  and  consonants'. 

HR  remained  stable  throughout  the  experiment  and  did  not 
vary  as  a  function  of  cond  tion,  letter  type,  or  speed  of  R’. 
SCR  did  increase  reliab1-  over  trials  suggesting  a  small  but 
consistent  increase  in  sympathetic  arousal.  The  vertex  poten¬ 
tial  results  were  guite  interesting.  The  peak  amplitude, 
averaged  over  subjects,  of  a  P.'OO  component  bore  an  orderly 
relationship  to  task  difficulty  as  assessed  by  HI:  the 
amplitude  was  smallest  for  the  easiest  match  yPl',  inter¬ 
mediate  for  the  match  of  intermediate  difficulty  y  N 1  '  ,  and 
largest  for  the  most  dif  ficult  match  y vowel -consonant  '  .  Ihis 
result  is  important  since  the  P,'00  occurs  several  hundred  msec 
before  the  behavioral  response  and  could,  therefore,  be  a 
reflection  of  central  decision-making  processes. 
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Figure  7.  Left  vertical  mark  is  both  calibration  (1  yV)  and  stimulus 
onset  marker.  Positive  up.  Abscissa  tics  are  100  msec  apart. 
Heavy  solid  trace  is  vertex  potential  for  PI  matches,  light 
solid  trace  is  vertex  potential  for  NI  matches,  and  broken 
trace  is  vertex  potential  for  VC  matches. 


Note  that,  in  the  averaged  waveforms  (figure  7),  there  are  no 
clearly  defined  late  components.  Inspection  of  individual 
trial  data,  however,  showed  that  a  positive  component  was 
frequently  present  in  the  latency  range  of  400  to  600  msec, 
but  variability  of  latency  was  extreme  both  within  and  be¬ 
tween  subjects.  Thus,  when  trials  were  averaged,  no  clearly 
defined  peak  emerged.  New  techniques  permit  correcting  the 
latency  of  peaks  when  variance  is  hiqh,  but  this  laboratory 
is  not  currently  prepared  to  apply  these  techniques.  This 
topic  is  elaborated  in  the  General  discussion. 

VI 1.  Experiment  4 


1 n t  roduc t i on 

The  letter  matching  task  has  been  investigated  in  many  labo¬ 
ratories  with  numerous  modifications  of  the  basic  methodology. 
Experiment  3  employed  one  common  version  in  which  the  two 
letters  are  presented  simultaneously.  In  another  common 
version,  investigated  here,  the  second  letter  is  presented 
some  number  of  msec  following  the  first.  RTs  are  general  lv 
faster  in  the  latter,  compared  with  the  former,  version  of 
the  task  presumably  because  the  subject  has  time  to  encode  the 
first  letter  during  the  i n  t  e  r  s  t i m  u 1 u s  interval  ( 1 S I  )  .  Thus, 
by  the  time  the  second  letter  appears,  half  of  the  informa¬ 
tion  relevant  to  making  the  same-different  judgment  has 
already  been  encoded  and  RTs  following  the  presentation  of 
the  second  letter  are  correspondingly  faster  (Posner  Boies. 
1971 ) . 

Using  this  paradiqm  with  an  I S I  of  l  sec,  Posner.  Klein, 
Summers,  and  Buggie  (1973)  recorded  vertex  potentials  and 
obtained  waveforms  which  differed  in  many  respects  from  the 
ones  obtained  here  in  Experiment  3  using  simultaneous  (ISl^O) 
presentation.  Specifically,  they  report  augmentation  of 
late  components  (i.e.,  P300  for  "different"  compared  with 
"same"  matches).  Since  it  appeared  important  to  determine 
whether  the  extreme  variability  of  late  components  in  Experi¬ 
ment  3  was  due  to  this  single  difference  in  methodology 
(specifically,  changing  the  ISl  from  zero  to  some  value 
larger  than  zero).  Experiment  4  was  conducted.  Ibis  experi¬ 
ment  is  identical  to  the  same-different  condition  of 
Experiment  3  except  that  ISI  is  set  at  9po  msec. 

Method 

Subjec  t  s  -  The  same  subjects  that  served  in  I xprriment  3  served 
in  this  experiment. 

Ajiparatus-The  eguipmont  used  was  Identical  in  all  respects  to 
that  of  Experiment  3,  including  the  specific  letter  set  used. 
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Procedure -The  procedure  was  identical  to  Experiment  3  except 
that  the  second  letter  followed  the  first  by  900  msec.  Since 
the  appearance  of  the  first  letter  acted  as  a  warning  stimu¬ 
lus,  the  checkerboard  fixation  point  was  considered  super¬ 
fluous  and  was  eliminated.  Following  the  method  of  Posner 
et  al.  (1973),  the  first  letter  remained  visible  for  250  msec, 
and  the  second  letter  remained  visible  until  the  subject 
responded . 

Results  and  Discussion 

Behavioral  results-The  median  RT  to  PI  was  377  msec  and  438 
msec  to  Nl.  This  difference  was  reliable  (p  •  .05)  which  is 

in  agreement  with  earlier  results  indicating  that  physical 
matches  require  less  central  processing  time  than  name  matches 
Also,  RTs  here  are  considerably  shorter  (about  150  msec 
shorter)  than  in  the  PI-NI  matches  of  Experiment  3.  This,  too 
is  consistent  with  the  Posner  and  Boies  (1971)  results  and 
presumably  demonstrates  that  subjects  process  and  encode  half 
of  the  task  relevant  information  during  the  900  msec  1S1. 

Psychophysiological  results-As  in  Experiment  3,  between-sub- 
ject  analyses  failed  to  yield  any  consistent  differences 
between  fast  and  slow  subjects.  Also  in  agreement  with  the 
results  of  Experiment  3,  wi th i n - s ub j ec t  analyses  revealed  that 
HR  was  stable  throughout  the  experiment  and  did  not  vary  as  a 
function  of  PI  versus  NI,  Q1  versus  Q4  RTs,  or  trials.  The 
SCR  results  were  also  equivocal.  The  data  for  one  subject  was 
lost  due  to  a  disk  directory  error.  Of  the  remaining  five 
subjects,  four  showed  increases  in  SCR  from  the  first  to 
last  trial  block,  and  one  subject  showed  a  slight  decrease. 

The  means  showed  an  increase  of  about  2  umho  from  the  first 
to  last  trial  block,  a  trivial  increase. 

The  vertex  potential  results  were  quite  interesting  and  are 
represented  in  Figure  8  where  PI  and  NI  are  plotted  separately 
averaged  over  the  six  subjects.  There  are  several  points  of 
interest.  First,  the  vertex  responses  to  the  first  letter 
of  the  pair  (top  trace)  are  essentially  identical  for  PI  and 
NI.  This  is  to  be  expected  since  the  subject  is  simply  en¬ 
coding  the  letter  and  does  not  yet  know  whether  a  PI  or  NI 
match  is  to  be  made.  However,  the  vertex  potential  shows 
clear  and  reliable  PI-NI  differences  as  early  as  150-200  msec 
following  appearance  of  the  second  letter  of  the  pair  (lower 
trace).  Three  major  components  were  identified  in  this 
analysis:  a  positive  component  occurring  about  200  msec  fol¬ 
lowing  stimulus  onset  (P200),  a  negative  at  260  msec  (N260), 
and  a  second  positive  at  370  msec  (P370).  The  latencies  of 
all  three  components  were  shorter  (p  •>  .05)  for  the  easy  (Pi) 
match  compared  with  the  harder  (NI)  match,  and  the  peak-trough 
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Figure  8.  Left  vertical  mark  is  both  calibration  (1  uV)  and  stimulus 
onset  marker.  Positive  up.  Abscissa  tics  are  100  msec  apart. 
Top  traces,  vertex  potential  responses  to  first  letter  of  pair. 
Bottom  traces,  vertex  potential  responses  to  second  letter  of 
pair  presented  900  msec  after  first  letter.  Light  traces  are 
Nl  matches;  heavy  traces,  PI  matches. 


amplitude  differences  (P200-N260  and  N260-P370)  were  reliably 
(p  ^  .05)  greater  for  NI  than  for  PI.  In  simple  terms,  ver¬ 
tex  potentials  were  larger  in  amplitude  and  occurred  later 
in  time  for  NI  compared  with  PI  suggesting  that  increases  in 
latency  and  amplitude  of  the  vertex  components  are  indicative 
of  greater  task  difficulty. 

VIII.  General  Discussion 

The  results  of  the  four  experiments  showed  that  certain  com¬ 
ponents  of  the  vertex  potential  were  consistently  related  to 
performance  and  task  difficulty,  while  the  indicators  of 
sympathetic  arousal  (HR  and  SCR)  tended  to  be  task  specific: 
Changes  in  HR  and  SCR  were  more  apparent  in  the  choice  RT 
tasks  than  in  the  letter  matching  tasks.  This  appeared  to  be 
due  to  the  different  motor  responses  required  and  the  amount 
of  subject  involvement  in  the  two  types  of  tasks.  The  choice 
RT  paradigm  required  movement  of  the  entire  right  arm  while 
the  letter  matching  task  required  movement  of  only  one  finger. 
Subjects  volunteered  their  opinions  that  both  tasks  were 
boring  and  that  the  letter  matching  task  was  particularly 
tedious.  The  choice  RT  task  was  less  tedious  because  of  the 
physical  involvement  of  hitting  the  response  button  as  rapidly 
as  possible  (and  rather  violently  for  some  subjects)  which 
took  on  some  aspects  of  a  game.  The  reduced  HR  and  SCR 
responsivity  in  Experiment  2,  compared  with  Experiment  1,  was 
probably  due  to  the  fact  that  the  same  subjects  served  in 
both  experiments  and  they  were  habituating  to  the  task, 
finding  the  "game"  less  interesting  with  repeated  exposure. 
These  observations  can  be  used  to  make  inferences  concerning 
the  extent  to  which  subjects  are  involved  in  a  task.  In 
Experiments  3  and  4,  HR  remained  stable  and  SCR  increased  a 
small  amount.  This  pattern  of  responses  is  indicative  of 
low  sympathetic  arousal,  and  subjects  reported  that  these  two 
tasks  were  tedious.  Subjects  reported  that  Experiment  1  was 
less  tedious  and  it  was  in  this  Experiment  that  clear  evi¬ 
dence  was  found  for  increased  sympathetic  arousal  for  fast, 
compared  with  slow  subjects.  In  a  gross  sense,  then,  task 
involvement  was  related  to  sympathetic  arousal,  and  refine¬ 
ments  of  this  approach  could  be  used  to  scale  task  difficulty 
in  a  manner  which  takes  into  account  the  subject's  perception 
of  whether  the  task  was  tedious  (low  arousal)  or  interesting 
and  involving  (high  arousal). 

The  waveform  of  the  vertex  potential  was  different  for  dif¬ 
ferent  stimuli.  Simple  light  onset  against  a  dark  background 
(choice  RT  tasks)  evoked  an  early  negative  component  (N200) 
followed  by  late  components,  while  complex  shapes  (upper  and 
lower  case  letters  in  the  letter-matching  tasks)  evoked  an 
early  positive  component  (P200)  followed  by  late  components. 
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Such  differences  have  been  noted  in  prior  literature  and 
appear  to  be  related  to  stimulus  complexity.  For  behavioral 
research,  the  polarity  of  the  component  is  not  as  important 
as  whether  the  latency  and/or  amplitude  varies  systematically 
with  psychological  dimensions. 

Task  difficulty  varied  less  in  the  choice  RT  tasks  than  in  the 
letter-matching  tasks,  therefore,  analyses  of  the  former 
data  focused  on  small  differences  in  RTs  within  and  between 
subjects.  In  general,  the  main  components  of  the  vertex 
potential  were  shorter  latency  and/or  higher  amplitude  when 
RTs  were  short,  but  these  relationships  became  less  clear  as 
task  difficulty  increased  since  the  variance  of  EP  component'' 
increased.  When  analyses  focused  on  larger  differences  in  *  .■ 
task  difficulty  (the  letter-matching  tasks),  an  early,  P200  f 
component,  increased  in  amplitude  with  increasing  task  dif¬ 
ficulty.  Less  clearly,  and  only  with  the  900  msec  1 S 1  .  the 
late  component  ( P  3  0  0  )  also  showed  higher  amplitude  and  longer 
latency  for  the  more  difficult  tasks.  In  general,  then,  the 
vertex  potential  discriminated  task  difficulty  and  performance 
as  well  or  better  than  in  previously  published  research  using 
simpler  behavioral  paradigms. 

In  tasks  where  RT  was  longest  (Condition  3  of  Experiment  2 
and  the  zero  ISI  condition  of  the  letter-matching  task), 
variance  of  the  vertex  potential  increased  to  the  point  where 
meaningful  analyses  were  precluded.  Other  authors  have  en¬ 
countered  this  problem  and  have  derived  various  solutions. 

One  of  questionable  worth  is  to  have  judges  examine  the  record 
of  each  trial  and  discard  trials  on  which  a  "clear"  P300  can¬ 
not  be  defined.  This  method  can  result  in  discarding  perhaps 
50.  of  the  data  collected  but  does  result  in  substantial 
correlations  between  late  components  and  RTs  (Ritter,  Simpson 
&  Vaughn,  1972).  Another  approach  is  to  use  a  wave  subtrac¬ 
tion  procedure  in  which  the  EP  to  a  "no  signal"  trial  is 
subtracted  from  the  EP  to  a  "signal"  trial.  This  tends  to 
enhance  any  EP  component  which  is  uniquely  related  to  signals 
(Goodin  et  al.,  1978)  and  appears  to  be  a  justifiable  pro¬ 
cedure.  The  limitation  is  that  the  experiment  must  be 
specially  designed  to  present  signal  and  no  signal  trials  and 
such  contrived  designs  might  have  little  generality  to  real 
world  situations.  A  third  solution  is  to  construct  an 
empirically  derived  template  of  prototypical  P300  and  use 
reiterative  computer  programs  to  find  the  best  fit  between 
the  template  and  the  P300  for  any  given  trial.  kutas,  McCarthy, 
and  Donchin  (1977)  have  described  one  possible  method  for 
accomplishing  this.  It  has  the  advantage  of  not  discarding 
trials  but  rather  computing  an  index  of  how  well  a  component 
on  any  given  trial  conforms  to  the  prototypical  P300s. 

Another  advantage  is  that  contrived  designs,  necessary  for 
the  waveform  subtraction  procedure,  are  not  necessary  for 


prototypical  matches.  Clearly,  the  prototype  matching  con¬ 
cept  can  be  applied  to  components  other  than  the  P300  so 
that  all  major  components  of  the  vertex  potential  could  be 
analyzed  in  this  manner. 

This  laboratory  is  currently  developing  software  to  accomplish 
template  matching,  but  this  effort  is  not  yet  completed. 
Therefore,  the  approach  used  was  to  define  each  subject's 
score  as  the  maximum  amplitude  deflection  occurring  within 
the  latency  window  typified  by  the  averaged  waveform.  No 
trials  were  discarded.  While  this  decision  rule  was  adequate 
to  detect  differences  in  several  important  comparisons,  it 
almost  certainly  was  not  an  optimal  decision  rule  since  it 
assumes  that  the  "important"  component  is  the  one  of  highest 
amplitude.  To  the  extent  that  this  assumption  is  erroneous, 
the  decision  rule  would  wrongly  identify  components.  This 
in  turn  would  lead  to  low  magnitude  correlations  and  failure 
to  detect  mean  differences  when  attempts  were  made  to  relate 
a  specific  EP  component  to  performance.  It  seems  likely, 
therefore,  that  the  differences  reported  here  could  have  been 
enhanced  by  application  of  a  more  sophisticated  decision  rule. 

Summary  and  Conclusions 

This  was  a  preliminary  effort  to  screen  the  usefulness  of 
several  psychophy s i o 1 og i ca 1  measures  as  indicators  of  human 
performance  and  task  difficulty.  Few  subjects  were  used; 
the  behavioral  tasks  were  simple,  but  not  as  simple  as  the 
paradigms  employed  in  the  majority  of  earlier  psychophysio- 
logical  experiments.  Given  the  preliminary  nature  of  the 
effort,  the  outcomes  were  quite  encouraging.  Heart  rate 
and  skin  conductance  were  used  as  indicators  of  autonomic 
arousal  or  activation.  Both  increased  when  the  task  was 
involving  (by  subject  reports)  and  failed  to  increase  when 
the  task  was  not  involving.  Selected  components  of  the  ver¬ 
tex  potential  were  augmented  (short  latency  and/or  high 
amplitude)  when  subjects  performed  well  and/or  task  difficulty 
was  high.  Variance  problems  were  encountered  in  some  in¬ 
stances,  but  this  is  not  considered  as  a  criticism  of  the 
psychophys i ologi ca 1  approach;  rather,  it  underlines  the  need 
to  develop  sophisticated  analyses  to  decode  sophisticated 
data . 
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